Recombination processes in semiconductors are inhibited by charge-separation mechanisms that are produced in structures such as pn junctions. In this work, we calculated the recombination rates in Si and GaAs n 
INTRODUCTION
Minority carrier lifetime is one of the most important parameters that affects the performance of semiconductor devices. Many lifetime techniques analyze the response of a device after a fast laser pulse by measuring a physical response, such as photoconductivity or photoluminescence that is proportional to the number of carriers in the device. Interpretation of these measurements becomes very complicated when a junction is present, making it difficult for a complete device processing sequence to be monitored with regard to contamination or defects using carrier lifetime measurements.
We consider an n + p junction structure with a thin emitter where most of the light is absorbed in the base. Spatial doping profiles both in the emitter and in the base layers are assumed to be constant. Free carriers near the space-charge region drift from the emitter into the base and from the base into the emitter due to the electric field in the space-charge region. The corresponding charge-separation time will be discussed first. Because of the optical excitation, the generated minority carriers can diffuse into the bulk or can be extracted at the depletion edge. The diffusion transit time in the bulk of the junction device will be discussed second. Then the time required to restore equilibrium will be analyzed. Low-level injection and a one-dimensional configuration are assumed throughout.
THEORETICAL ANALYSIS

Estimation of charge-separation time
A step junction (abrupt junction) is an idealized dopant configuration that provides useful insight into the behavior of real junctions in the space-charge region. This junction is characterized by a constant n-type dopant density that changes with position in stepwise fashion to a constant p-type dopant density. An abrupt junction can be formed, for example, by epitaxial deposition of a constant-doped n-type region on a p-type substrate [1] . The electric field in the space-charge region can be solved using the depletion approximation from Poisson's equation. The charge-separation time, which is a measure of how quickly the carriers flow from one type of semiconductor into another via the depletion region, can be estimated as 18 cm -3 and N a =10 16 cm -3 , the charge-separation time is about 4 ps. Time-resolved photoluminescence (TRPL) and resonance-coupled photoconductive decay (RCPCD) measurements of these junction devices are presented in a companion paper [2] . A full numerical simulation of the electron-hole dynamics in the GaAs n + p junction estimates the charge-separation time to be about 10-30 ps. This demonstrates that this simplistic analytical model gives a reasonable order-of-magnitude estimate for the charge-separation time.
Diffusion transit time
When excess carriers are created non-uniformly in a semiconductor device, carriers from regions of high carrier concentration travel to regions of low carrier concentration. In equilibrium, the diffusion transit time can be defined as: 
According to the formula (3), the diffusion transit time is about 
Estimation of charge-leakage time
Once carriers are separated, a photovoltage forms until carriers leak out this configuration. This leakage time is much larger than the minority carrier lifetime of the underlying layers forming the junction. Based on the depletion approximation, open-circuit voltage decay including the effect of charge storage in the space-charge region, can be described by the following differential equation [3, 4] :
This is a nonlinear equation, however, via a substitution decay [3, 4, 5] . To estimate the charge-leakage time, we must know both the dark current and junction capacitance. The junction capacitance per unit area can be calculated as follows:
 (t)  exp(qV (t) /kT), it reduces to a differential equation of Bernoulli type
where
1/ 2 and
. However, because of the multiplicity of leakage current effects that are active in junction devices, the dark current is not straightforward to calculate from theoretical considerations. According to the measured RCPCD decay time (18  s) on the GaAs junction grown by MOCVD [2] , the expected value of the dark current from formula (6) is about 4*10 -5 A/cm 2 . When we do the same calculation on the Si diode with a measured decay time of 722  s, the calculated dark current is 5*10 -7 A/cm 2 . These are much larger than the values of the dark current in typical corresponding devices. This is a clear indication that there are other mechanisms not included in the model, such as recombination in the space-charge region, that are involved the decay of the junction charge. When the GaAs diode is placed in forward bias, a significant amount of junction radiation could significantly increase the recombination rate. There can also be junction shorts and other leakage paths that are frequently found in junction devices, but were difficult to incorporate in our model. These effects are some of the possible explanations for the large effective  J 0 found in practice but not in theory.
CONCLUSION
This work shows that the estimation of the charge-separation time and the diffusion transit time from the simple analytical model are consistent with full numerical simulation results. Furthermore, a solution of the ideal diode equation shows the effect of the charge storage in producing a photoconductive decay time that is much larger than the recombination lifetime. The dark current that is calculated from the photoconductive decay is an order of magnitude larger than that predicted by the ideal diode model. This quantitative disagreement can be explained by mechanisms that are not considered in the idealized model. Our results indicate qualitatively that the decay time is a measure of junction leakage and therefore of junction quality. In the future, we intend to correlate open-circuit decay times with measurements of the dark current on corresponding devices.
